The lifespan of eukaryotic mRNA is believed to be controlled by the so-called ''cap'' at the 5Ј end and by a poly(A) tail at the 3Ј end (1). The cap is a covalently attached, N7-methylated guanosine group that is linked to the mRNA via a 5Ј-5Ј triphosphate group. The mRNA capping process involves three separate enzymatic reactions, which may be catalyzed by the same or different polypeptides, depending on organism:
The lifespan of eukaryotic mRNA is believed to be controlled by the so-called ''cap'' at the 5Ј end and by a poly(A) tail at the 3Ј end (1) . The cap is a covalently attached, N7-methylated guanosine group that is linked to the mRNA via a 5Ј-5Ј triphosphate group. The mRNA capping process involves three separate enzymatic reactions, which may be catalyzed by the same or different polypeptides, depending on organism:
(i) removal of the 5Ј phosphate group of the mRNA by RNA triphosphatase, (ii) addition of GMP to the remaining 5Ј diphosphate end by RNA guanylyltransferase, or capping enzyme, and (iii) methylation at N7 of the guanine base by RNA guanine-7-methyltransferase, ͑i) pppRNA 7 ppRNA ϩ Pi (EC 3.1.3.33) ͑ii) ppRNA ϩ GTP 7 GpppRNA ϩ PPi (EC 2.7.7.50) ͑iii) GpppRNA ϩ AdoMet 7 m7GpppRNA ϩ AdoHcy (EC 2.1.1.56)
The second reaction, which links the GMP to the 5Ј diphosphate RNA, consists of several steps, involving an intermediate with the GMP moiety covalently attached to the active site lysine of the capping enzyme through a phosphoramidate bond (2):
E ϩ GTP 7 E-pG ϩ PPi E-pG ϩ ppRNA 7 GpppRNA ϩ E Capping enzymes, eukaryotic ATP-dependent DNA ligases, and tRNA ligases appear to be related evolutionarily, as evidenced by the presence of six conserved small sequence motifs (3) . The first of these motifs, KXDG, which contains the active site lysine, is also found in prokaryotic NAD ϩ -dependent DNA ligases. The three-dimensional structure of T7 DNA ligase (4) revealed a two-domain arrangement where the first five sequence motifs on domain 1 were all interacting with the ATP substrate. The last motif, on the smaller domain 2, was separated from the active site by a large groove.
The genome of PBCV-1, a virus that affects the green alga Paramecium bursaria Chlorella, contains a relatively small, 330-aa, monofunctional capping enzyme (5) that has been expressed, purified, and characterized (6) . Crystallization (7) and structural analysis (8) of Chlorella virus PBCV-1 capping enzyme demonstrated that the bulk of domain 1 indeed has a fold similar to T7 DNA ligase (4). Interestingly, there were two capping enzyme molecules in the asymmetric unit that adopted two distinct conformations, although both contained a noncovalently bound GTP molecule. These conformations, referred to as ''open'' and ''closed,'' differ through a rigid-body movement of one domain relative to the other. In both forms, the bulk of the GTP ligand was positioned similarly with respect to motifs 1-5 as the ATP ligand in ligase. However, in the closed form, motif 6 on domain 2 was in contact with the ␤ and ␥ phosphate of the GTP ligand through a number of hydrogen bonds and salt bridges. The active site lysine in the closed but not in the open form was guanylylated upon soaking the crystals in excess manganese(II) ions. This was explained by the different conformations of the GTP phosphates in the two molecules, where only in the closed form the conformation of the triphosphate tail was suitable for in-line attack on the ␣ phosphate by the active site lysine. On the other hand, only the open form seemed wide enough to accommodate RNA. Because the second reaction (transfer of GMP from the enzyme to RNA diphosphate) is analogous, albeit reversed, to the first (transfer of GMP from pyrophosphate to the enzyme), we postulated that the phosphate conformation and pentavaThe publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. §1734 solely to indicate this fact. lent intermediate would be similar in the two cases. To study this mechanism further, we have cocrystallized the capping enzyme with a cap analogue, GpppG. This ligand can be regarded as a capped single-residue RNA molecule.
MATERIALS AND METHODS
The capping enzyme was purified as described (7) , except that gel filtration was done in the absence of EDTA (ethylenediaminetetraacetic acid). MgSO 4 (10 mM) and potassium pyrophosphate (5 mM) were added to the pooled fractions, which were then dialyzed against 1 liter of 50 mM Tris⅐HCl, pH 7.5͞10 mM MgSO 4 ͞5 mM potassium pyrophosphate͞1 mM DTT at 4°C overnight. This was done to ensure a homogenous nonguanylylated enzyme product. After filtering off the precipitate, the enzyme was concentrated and gel-filtered as usual. NaCl was added to a final concentration of 0.4 M, and the enzyme was again concentrated to 15 (9) . The structure was solved by using the CCP4 version of AMORE (10) and the previously published structure of the capping enzyme (8) . A unique rotational solution was found for each of the two domains that, when combined in the translational search, yielded an open form of the capping enzyme. Structure refinement with low-resolution data is generally difficult because of the low ratio of observations to parameters. We therefore adopted a more thorough, less biased approach, which helped us to find some corrections that were not obvious from the usual 2Fo-Fc and Fo-Fc maps and which resulted in improved agreement between observed and calculated structure factors. During this strategy, the structure was refined by using XPLOR (11) , and solvent-flattened maps were calculated by the CCP4 program suite (12) and displayed by using the graphics program O (13) . The crystallographic free R (14) was monitored by using 8% of the data. First, the two domains and the C-terminal stretch (residues 319-327) were rigid-body refined as separate pieces followed by positional and B-factor refinement after some gross corrections. The ligand was then inserted into this initial model, and five residues were then omitted, the structure was refined, and the position of the omitted residues was checked and adjusted according to the Fo-Fc map. The entire protein was checked in this way, but corrections were applied to the initial model rather than the refined model used for map calculations. The initial, corrected model was refined subsequently in the absence of ligand to produce the Fo-Fc map displayed in Fig. 2 . This omit map is unbiased insofar as the coordinates used for phase calculations have never been refined together with the ligand. The ligand was finally inserted to produce the final coordinates after some further refinement. A Ramachandran plot was calculated by using PROCHECK (15) . The details of data collection and refinement are summarized in Table 1 . Coordinates and diffraction data have been deposited with the Protein Data Bank (16), from which copies are available (accession no. 1CKO). The previously determined capping enzyme structures have the accession numbers 1CKM (GTP complexes) and 1CKN (guanylylated adduct).
RESULTS
The conformation of the cap analogue capping enzyme complex is open, with a sizable gap between the two domains. The folds of the two domain components are the same as for the previously determined structures of capping enzyme complexed with GTP, and the model includes the same number of residues (11-327). The major deviations are found at the N terminus, the hinge region between the two domains, and at the C-terminal stretch. The rms deviation of the superimposed C␣ atoms of residues 12-230 is only 0.4 Å atoms between the cap analogue complex and the open GTP complex, whereas that of the superimposed C␣ atoms of residues 240-300 is 0.7 Å. All interactions between enzyme and ligand are mediated by domain 1; there are no hydrogen bonds or other close contacts between the ligand and the small domain. Fig. 1 shows the cap analogue complex superimposed on the previously determined structures of the open and the closed GTP complexes. Compared with the open GTP complex, the upper part of domain 1 is tipped approximately 4 Å toward the viewer. The size of the cleft between the domains is, however, very similar in the two cases, and it is possible to replace the GTP with the cap analogue in this structure without any steric hindrance. Because the ligands are not interacting with the small domain in these open structures, the small conformational difference between them seems to have no impact catalytically and is probably merely the result of crystal packing. In contrast, the closed form of the molecule is sterically incompatible with the cap analogue. The main chain of Arg-297 (motif 6) and the side chains of Asp-244, Arg-295, and Asp-297 would be prohibitively close to one of the purine rings. Two of these residues (Asp-244 and Arg-295) were actually found to interact with the phosphate groups of GTP in the closed GTP capping enzyme complex. Fig. 2 gives a more detailed view of the cap analogue and its binding site. As was expected, one of the guanine groups is bound in the same pocket as GTP. The rest of the ligand molecule turns back with the second purine group (analogous to the 5Ј residue of RNA) interacting with motif 1. The cap guanine is sandwiched between Phe-146 (motif 3) and Ile-216 (motif 4). Compared with the closed GTP complex, the nucleoside group has rotated somewhat around an axis through the C1Ј atom and normal to the guanine ring plane, resulting in maximum displacement of around 1.3 Å. Some of the active site residues have followed this movement, and most (1998) of the contacts between guanine and enzyme, such as the important hydrogen bond between Lys-188 and the 6-oxo atom, therefore are preserved. The hydrogen bond between the O2Ј of the ribose and Asp-131 (motif 2) is also conserved, but that between Arg-87 (motif 1) and ribose O3Ј is broken as a result of these movements. The first two phosphate groups follow roughly the same course as the ␣ and ␤ phosphates of the closed GTP complex. As a result of the domain closure, the ␥ phosphate of the GTP in the closed complex is encapsulated at the bottom of the cleft, where it interacts with residues from both domains. The cap analogue, conversely, turns around after the second (␤) phosphate and returns toward domain 1. The first phosphate group is hydrogen bonded to Lys-82, Lys-234, and Lys-236 (motif 5), and the second is hydrogen bonded to Lys-234 and Arg-106. Arg-106 also contacts the O5Ј and O4Ј of the RNA ribose. The latter is also interacting with the main chain of motif 1 through a hydrogen bond between O2Ј and the peptide nitrogen of Arg-87, and through a long, and presumably weaker, hydrogen bond between O3Ј and the main chain carbonyl oxygen of Asp-85. The second purine makes no guanine-specific contacts with the enzyme but is packed against the hydrophobic Ile-86 (motif 1). The hydrophobicity of this area is enhanced further by the surrounding residues Leu-19, Leu-21, and Phe-88. The N7 of the purine is also within hydrogen bonding distance of Asp-105. This is surprising because both groups are hydrogen bond acceptors 
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Proc. Natl. Acad. Sci. USA 95 (1998) in their normal ionization state. In addition to the interactions between cap analogue and enzyme, intramolecular interactions also appear to be important in determining the conformation and binding properties of the ligand. The two ribose groups are interacting with each other through hydrogen bonds between the O2Ј and O3Ј groups, with the positions and orientations of the two nucleoside groups (but not the phosphate groups) related by an approximate 2-fold symmetry. The way that the cap analogue is bound in the capping enzyme active site is compared with the GTP complexes and the guanylylated enzyme in Fig. 3 . As already mentioned, the first two phosphates closest to the cap are in analogous positions to the ␣ and ␤ phosphate of GTP in the closed complex. Consequently, the geometry around the ␣ phosphate is similar, in contrast to the different conformation and longer lysine to phosphate distance that is found in the open GTP complex ( Table 2 ). The geometry found in the cap analogue complex and the closed GTP complex appears to be optimal for reaction with Lys-82, whereas in the open and unreactive GTP complex the ␣ phosphate conformation does not seem to allow for an in-line attack of the lysine.
DISCUSSION
The structure of the complex between capping enzyme and cap analogue, as reported in this paper, shows a much more extensive involvement of motif 1 (Lys 82 Thr   83   Asp   84   Gly   85   Ile   86   Arg   87 ) than had been anticipated. Whereas previous structures of ligase (4) and capping enzyme (8) have confirmed the role of the active site lysine (Lys-82) and shown that Arg-87 hydrogen bonds to the ribose ring of the nucleotide donor, no other motif 1 residue was found to interact with the substrate. The present complex demonstrates that the entire motif 1 is wrapped around the nucleotide acceptor. There are, however, very few side-chain-specific interactions; the Thr-83 and Asp-84 side chains are directed away from the ligand, as can be seen in Fig. 2 . Site-directed mutagenesis in the Saccharomyces cerevisiae capping enzyme has shown that substitution of either of these two residues by alanine results in reduced activity, whereas similar mutations of the Lys, Gly, or Arg residue are inactive and lethal (17, 18) . Ile-86 seems to be a crucial component of the active site, because of its hydrophobic interaction with the 5Ј terminal base of RNA. This conserved hydrophobic residue is usually an Ile, Leu, or Val in the nucleotidyl transferase superfamily, but to our knowledge there has been no mutagenetic study on this residue.
The path followed by the cap analogue describes a U-turn about the ␤ phosphate with the two nucleoside groups obeying an approximate 2-fold symmetry. As a consequence, the ␤ phosphate and the active site lysine are positioned on opposite sides of the ␣ phosphate. This geometry is optimal for nucleophilic substitution reactions and has been found previously for GTP in the closed conformational form of the capping enzyme. Consistent with this geometry, guanylylation takes place only in the closed GTP complex upon soaking in excess manganese(II) ions and not in the open form (8) . Thus, both GMP transfer reactions (from pyrophosphate to enzyme and from enzyme to RNA diphosphate) utilize the same reactive ␣ phosphate geometry. In the first reaction, this is achieved by domain closure and interactions between ␥ phosphate and the small domain. The second transfer occurs with an open enzyme conformation where the ␣ phosphate geometry is determined largely by covalent links to the 5Ј end of the mRNA, which is bound noncovalently to domain 1. Electrophilic activation of ATP through enzyme-specific binding of the ␥ phosphate has been suggested through model building for tyrosyl-tRNA synthetase (19) .
The way that the cap analogue binds to the capping enzyme also has implications for our understanding of the catalytic mechanism of ligase. Interestingly, the hydrophobic Ile͞Leu residue in motif 1 also is conserved in the NAD ϩ -dependent prokaryotic DNA ligases (20) . Although the product of DNA ligation contains a diphosphate rather than a triphosphate bridge, the same principles are likely to be involved, namely orienting the ␤ phosphate on the opposite side of the ␣ phosphate relative to the active site lysine. To achieve this, the ligand is folded back on domain 1. The chemical similarity between NAD ϩ and the product of the ligase reaction is also intriguing; perhaps the primordial ligase utilized the same binding site, i.e., the K-X-D-G-I͞L motif for nicotinamide (AMP donor) and the 5Ј DNA base (AMP acceptor). In eukaryotes, the replacement of NAD ϩ with ATP made this reaction much less symmetrical, and a more elaborate mechanism involving domain closure and motif 6 was required to tether the ATP triphosphate tail. To date there is no structural information available for an NAD ϩ -dependent ligase.
Several capping enzyme structures have been elucidated, e.g., in open and closed conformations, noncovalent complexes with GTP or cap analogue, as well as the guanylylated enzyme intermediate. These structures and, particularly, comparison between them, have improved our understanding of the nucleotidyl transferase mechanism, but there are still many unanswered questions. The most important of these is the proton chemistry. Prediction of the protonization state of a particular amino acid is not always straightforward, because of the influence of the microenvironment on its dissociation constant, pKa. This is particularly true for the active site of the PBCV-1 capping enzyme, which contains a high number of mostly positively charged but also negatively charged residues that interact with each other. The problem is complicated further by the charged nature of the substrate and metal ion cofactor. The active site lysine itself appears to reside between a positively charged and a negatively charged area, when visualized by GRASP (21) . It is easy to see that small changes in the active site region could change the electrostatic environment of the active site lysine.
Upon guanylylation of the active site lysine, the number of protons on the lysine and phosphate reactants and the phosphoramidate product differ by two, assuming the lysine is fully protonated. Because the reaction is that of a nucleophilic attack by the electron lone pair of the lysine amino group, one proton has to be shed before bond formation takes place. The problem is that because nucleophilicity and pKa are related, anything that enhances nucleophilicity is also likely to increase the pKa, since both protons and nuclei are positively charged. In serine proteases, a classical example of an enzymatic nucleophilic reaction, nucleophilicity of an existing lone pair on the serine is enhanced by hydrogen bonding and proton transfer to the intermediate via a neighboring histidine. The situation for a lysine is different-at neutral pH there is no free lone pair and its affinity for protons has to be reduced while maintaining or increasing nucleophilicity. One possible mechanism would involve two likely hydrogen acceptors that are close to the active site lysine. One of these is the ␣ phosphate group of the substrate itself, and the second is Asp-213, which is hydrogen-bonded to the N atom of the lysine. Phosphate as a proton acceptor has already been suggested for the related p21ras catalyzed hydrolysis of GTP (22, 23) , and carboxylate groups are common acid base catalysts in enzymes. The pKa of 7.6 of a nucleotide triphosphate in solution (24) is reasonable, although this will be affected by magnesium ion ligation and the active site environment. An attractive feature of this proposal, illustrated in Fig. 4 , is that it will also enhance the electrophilicity of the reactive phosphorous atom, although transfer of the proton from the lysine to the phosphate will result in the loss of an ion pair and thus will not be favored. However transient such a proton transfer might be, both the lysine and the phosphate would be activated at the same time. This proton must be transferred subsequently to the solvent. Once the lysine is deprotonized, the reaction will be facilitated by the hydrogen bond to Asp, which will also help to stabilize the protonized phosphoramidate intermediate, before this second proton is shuffled first to the Asp and subsequently to the solvent. There are many actors in this complicated play, and at present it is impossible to give a definite and clear picture of the proton chemistry involved. Better crystals suitable for neutron diffraction studies or NMR studies would be helpful in this respect.
